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ABSTRACT
In antenna measurements, it is not recommended to connect a balanced an-
tenna directly to the coaxial cable feed. A balun is required to prevent surface
current from flowing onto the outer shield of the feed cable. Balun chokes like
the sleeve balun, also known as bazooka balun or quarter-wavelength balun,
are commonly used in antenna measurements. In general, baluns do per-
form well, but their performance is band-limited. Hence, for wider frequency
bands, multiple baluns with different operating frequencies have to be used.
This presents a major problem, especially in broadband antenna measure-
ments. To this end, a proposed design based on the quarter-wave bazooka
(sleeve) balun has been investigated. The design consists of resonators ar-
ranged in a log-periodic manner. The main objective of this design is to have
high impedance and therefore high common mode rejection ratios at different
frequencies. To do so, resonant series LC circuits were placed between the
outer shield of the coaxial cable and the inner wall of the balun. These are
intended to create short circuit terminations within the balun at different
design frequencies. Two models have been investigated: one with two LC
circuits and the other with four LC circuits. The variables considered in the
study included circuit placement and circuit quality factor Q. Simulations in
Agilent ADSr and HFSSr 14.0 were performed to study the common mode
rejection ratio (CMRR) parameter of the different proposed designs. In ad-
dition, three baluns were built and measured in order to compare with simu-
lations. Results demonstrated that the Q of the inductor significantly affects
the response over a frequency range. Comparisons of the performance of the
different designs are presented in detail in this work. All designs achieved a
common mode rejection ratio above 30 dB over a wideband frequency range.
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CHAPTER 1
INTRODUCTION
1.1 Motivation
Accurate radiation patterns and input impedance measurements are impor-
tant for successful antenna designs. For electrically small antennas, these
characteristics can present significant challenges in measurements [1]. One
area of active research is to explore ways to reduce cable loading effects on
electrically small antennas. Antennas are either balanced or unbalanced, and
hence should be fed accordingly to minimize the cable loading effects and at-
tain reliable input impedance and radiation patterns [2]. However, these
measurements are not easy to perform for balanced antennas, since the feed
currents have to be equal and opposite in phase. Most network analyzers
are terminated by unbalanced ports like coaxial cables [3]. When a coax is
connected to a balanced load such as a dipole, a current may flow back on the
outside of the outer conductor, which causes an imbalance in the antenna and
transmission line. This unwanted current causes the feed line to act like an
antenna, radiating a field that is proportional to this current. This results in
antenna pattern distortion and changes in the input impedance at the cable
input [4]. One of the most common ways of eliminating this problem is to use
a balun. A balun is a balanced-to-unbalanced converter; when it is used in
antenna measurements, it reduces unwanted cable current by balancing the
antenna current. Over the years, many balun designs have been developed.
Some of the balun designs also possess impedance transformation properties.
Any desired impedance transformation can usually be accomplished using
common design methods [5].
Baluns used for low-frequency ranges in antenna applications perform
well in a narrow band frequency. As a result, in applications like wideband
antenna measurements, different baluns are required. As the balun is already
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larger than the antenna itself, especially in the case of electrically small
antennas, using multiple baluns poses a constraint. This is a major problem
in practice, especially in antenna measurement. This work investigates a log-
periodic design using resonant series LC circuits placed between the outer
shield of the coaxial cable and the inner wall of the balun. Two models
have been investigated: one with two LC circuits and the other with four
LC circuits. In order to understand why baluns are important in antenna
measurements, the following sections present in more detail the concept of
balanced and unbalanced lines and what happens when a dipole antenna is
connected directly to a coaxial cable feed.
1.2 Balanced and Unbalanced Concept
A balanced line is defined as a transmission line with two identical conduc-
tors. The impedance of the line is constant along its length and to ground.
Examples of balanced transmission lines are twin lead and twisted pairs.
On the other hand, an unbalanced line has two conductors with unequal
impedances with respect to ground. One conductor is considered as the sig-
nal line and the other as the grounded line. Microstrip lines and coaxial
cables are examples of unbalanced transmission lines. A transmission line
carrying differential signaling does not make the line balanced. Equivalently,
a balanced line does not require differential signaling [5],[6].
The concept of balanced and unbalanced transmission lines is easy to
understand if we think of the line in relation to a conducting plane as shown
in Figure 1.1. The ground plane now becomes a third conductor. Currents in
the conducting line now exist in the signal lines. In a balanced transmission
line, capacitances of the two conductors to ground are the same; for an
unbalanced line they are not. The inner conductor has no direct capacitance
to ground [6],[7].
In general, a balanced line has the following characteristics. First, the
voltage difference between the two conductors is the voltage propagating
down the line. Second, both the conductors have some voltage with respect
to ground. This voltage is called the common mode voltage. Last, the
currents flow between the conductors due to common mode voltages.
For the unbalanced transmission line, the line connected to ground has
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Figure 1.1: Balanced and unbalanced transmission lines [7]
infinite resistance. Hence a small voltage difference can exist between two
points on a grounded line [7]. In addition, the signal propagating in the line
can be measured as the voltage difference with respect to ground. There are
no common mode signals on unbalanced lines [6].
It is also common to divide antennas into balanced and unbalanced an-
tennas. Unbalanced antennas are also called single-ended antennas, while
balanced antennas are often called differential antennas. A balanced antenna
does not have a conductor connected directly to ground. The impedance be-
tween ground and each conductor is the same. Usually, a balanced antenna
has characteristic impedance of 50 Ω. A folded dipole is a typical example
of a balanced antenna. In contrast, an unbalanced antenna has one of its
conductors connected to the earth. The impedances between the ground and
each conductor are not the same. A monopole is an example of an unbalanced
antenna [8].
1.3 Connecting a Balanced Load to an Unbalanced
Line
Figure 1.2 shows what happens when a balanced line like a coaxial cable is
connected to a balanced load like a half-wave dipole [9]. The half-wave dipole
is a balanced and symmetrical structure that is fed at its center by a generator
connected to the terminals. The current has symmetrical distribution with
respect to the center and it is zero at the ends. This antenna performs best
when the sides are fed with separate currents of equal amplitude and opposite
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phase [10]. In contrast, a coaxial cable is an unbalanced feed line in which
all the currents flow inside the line [4].
Figure 1.2: Coax cable connected directly to a dipole antenna [11]
Figure 1.2 shows a balanced antenna connected to a coaxial cable. A
voltage is applied at the end of the cable across the antenna’s terminal. At
the antenna terminal the voltages will be equal in magnitude but opposite in
phase. Both voltages will cause a current on the outside of the coaxial cable.
Since one antenna terminal is connected directly to the outer conductor, the
voltage produces a much stronger current than in the other terminal. In
other words, the current that flows in the terminal connected to the outer
conductor will split [10].
This situation can be represented in a circuit model. Capacitance between
the arms of the dipole and the outer conductor of the coaxial are created due
to the applied voltage as shown in Figure 1.3(a). Clearly one capacitance
will be bigger than the other; therefore, the equivalent circuit has unequal
impedances on either side. As result the system is unbalanced [12].
The antenna now has two different currents: the expected current and a
current that represents the unwanted mode introduced by the feed method.
This unwanted current will add radiation components to the antenna and
will degrade the dipole pattern. In addition, this current will change the
4
Figure 1.3: (a) Stray capacitances at dipole antenna (b) The wanted
radiating current mode (solid) and the unwanted current (dashed line) [12]
input impedance at the cable input. The unwanted current can be reduced
by introducing a balun transformer between the terminals of the antenna and
the coaxial feed cable [6], [12]. The common solution is to connect a quarter-
wavelength sleeve to the feed cable, a device known as a sleeve balun, bazooka
balun, or sleeve choke [9]. Ferrite beads can provide an alternative solution,
but they are lossy at higher frequencies. Ferrite beads are not usually used
in electrically small antennas because they reduce the gain of the antenna at
the relevant frequency of operation [5].
Eggers in 1980 described the importance of using a bazooka balun in
antenna measurements [13]. Figure 1.4 shows the response pattern of a half-
wave dipole with and without the balun measured in the RF anechoic cham-
ber. The peak amplitude of the pattern of the dipole without the balun is
about 5 dB below that of the balun-fed antenna. In addition, the antenna
beam is redirected as shown in Figure 1.4(b).
It is always recommended to use a balun between the feed cable and an
antenna even if the antenna is an unbalanced one. Cables that carry RF
currents or voltages are more likely to radiate if they are not connected to a
balun. In the case of small unbalanced antennas, the current flowing on the
outer conductor could be much greater than that in the balanced case [12].
Studies have shown that devices that are small in terms of wavelength are
more susceptible to cable loading [6].
5
Figure 1.4: (a) Response pattern of the balun-fed half-wavelength dipole in
RF anechoic chamber (b) Response of a half-wavelength dipole without a
balun [13]
1.4 Overview
An outline of the structure of this thesis is presented in this section. Chap-
ter 2 presents general information about baluns, focusing on baluns used in
electrically small antennas. The performance of the bazooka sleeve balun
and the folded balun will be discussed and supported by simulation made in
HFSSr. Chapter 3 describes the proposed designs to achieved wide band-
width. Simulated results and comparisons are also provided in this chapter.
Chapter 4 presents the construction and measurement of three baluns. Fi-
nally, Chapter 5 summarizes the thesis and suggests future work for potential
improvements.
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CHAPTER 2
GENERAL BALUN THEORY
The balun has a long history. The word balun was first documented as a
device to feed a television transmitting antenna for the Empire State Building
in 1939 [14]. Baluns are found in a wide variety of applications, especially in
wireless and RF applications. Baluns can be found in circuits such as mixers,
amplifiers, antennas, and transmission lines that require a conversion from an
unbalanced to a balanced line or vice versa. The performance of the circuits
often depends on the performance of the balun. Despite the evolution of the
balun, information about the device can be confusing [6]. There are entire
books about how to design and construct baluns. This chapter presents
general information about baluns, focusing on baluns that are commonly
used for electrically small antennas, and on their performance.
2.1 Definition
A balun is a three-port device with a single-ended input and differential
output. The term balun is an abbreviation for BALanced-to-UNbalanced.
The balun is a passive and reversible device. This means that the differential
port can be used as the input and the singled-ended port as an output [9],[15].
A signal splits with the same magnitude and opposite phase when the balun
is used to convert from single stage to a differential stage as shown in Figure
2.1 (a). A balun that combines two signals with the same magnitude and
opposite phase results in a singled-ended stage, as shown in Figure 2.1(b).
Despite the fact that baluns are reversible, it is more common to use them
as splitters than as combiners [15]. This thesis analyzes baluns as a devices
that can convert a from an unbalanced line (single ended) to a balanced line
(differential); in other words, baluns as splitters.
Figure 2.2 presents the characteristics of an ideal balun. They are outlined
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Figure 2.1: A balun, connects single-ended terminal and a differential pair
(a) From single-ended terminal to differential pair (b) From differential pair
to single-ended terminal. After [15]
as follows [9],[14],[15]:
• Baluns have three terminals: a single-ended terminal and two differen-
tial terminals. Usually, the impedance looking into the terminal is 50 Ω
at all three terminals. Other impedances can be used, but impedances
at the differential terminals must be the same.
• At the differential terminals, the magnitudes of the signals are equal
and opposite. In the frequency domain this means the outputs have a
180 ◦ phase shift.
• Total insertion loss from the single-ended terminal to the differential
terminals is zero.
• The power of the signal at each differential terminal is 3 dB lower than
that at the single-ended terminal. In practice, it is more than 3 dB
lower and the insertion loss is never zero.
• The ideal S-parameters are:
S12 = −S13 = S21 = −S31
It is often said that a balun is a type of transformer, but it is more precise
to say that a transformer can be used as a balun [9]. The reason is because
8
Figure 2.2: Insertion loss and phase shift of an ideal balun [15]
at low frequencies the balun is implemented using a coupled transformer. In
RF circuits the most popular baluns are the transformer, LC and microstrip
lines. For antenna applications, ferrite bends and cable baluns (sleeve or
bazooka) are more commonly used [15]. Cable baluns are never employed in
circuitry because of their size. They are useful in laboratory testing where
size is not a problem [5].
2.2 Balun in Measurements of Electrically Small
Antennas
The 1:1 balun is commonly used in antenna applications. The most popular
forms of the 1:1 balun are the bazooka balun, ferrite beads over coaxial line
and ferrite-core or air core designs [5]. Ferrite core baluns are often used at
lower frequencies due to their compact size and performance. However, they
are not recommended in electrically small antenna measurements. It has
been shown that a consistent radiation pattern can be difficult to achieve
using ferrite chokes because at certain frequencies, depending on dimensions
and material properties, ferrite cores can act as lossy resonators. This extra
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loss can load the antenna and change its performance [16].
2.2.1 Bazooka (Sleeve) Balun
The quarter-wave bazooka balun, also known as a sleeve balun, is used to
measure small antennas at low frequencies (VHF range). The design requires
a λ/4 metal sleeve shorted at its end. The sleeve encapsulates the coaxial
line [12]. Input impedance will be very high and common current will be
suppressed at the quarter-wavelength frequency [17]. A diagram of a sleeve
balun is shown in Figure 2.3, where L is its length, R1 is the outer conductor
of the coax cable, R1 is the radius of the metal sleeve and T is the thickness of
the sleeve. Baluns can be analyzed using transmission line theory. The balun
impedance can be represented as a short circuit series stub, Zc = Z0tanβ, as
shown in Figure 2.4 where Z0 is determined from the ratio of the two radii
R1 and R2 [12], [17].
Figure 2.3: Sleeve balun diagram [12]
If measurements are made over a frequency range, the sleeve balun will
have high impedance only at one frequency. One way to improve the balun
performance over a band is by choosing a high characteristic impedance Z0,
but this is not practical option. In order to maintain the highest possible
value of Z0 for a given outer radius, the thickness of the sleeve must be as
small as practicable. Also, the coaxial cable has to be as small as possible,
but robust enough to withstand repeated connection and disconnection [12].
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Figure 2.4: Balun T-line model [17]
2.2.2 Folded Bazooka Balun
The folded bazooka balun is very similar to the quarter-wavelength bazooka
balun. For the folded design, as the name suggests, the outer sleeve of the
balun is folded on itself as shown in Figure 2.5. The advantage of the folded
balun over the quarter-wavelength balun is that the length is reduced and
another frequency of operation is added [17].
Figure 2.5: Folded bazooka balun diagram [12]
The eighth-wavelength is a version of the folded balun, typically used in
the low MHz range to reduce balun size. Figure 2.6 shows these folded chokes
implemented with an array of electrically small antennas. This device was
built and tested as reported in [1].
It has been shown that for electrically small antennas, the sleeve balun
only reduces the common mode current over a 10% bandwidth or less [17].
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Figure 2.6: Small array of three electrically small antennas, each with its
own eighth-wavelength choke designed for operation at 300 MHz [1]
Outside the range of operation, radiation patterns get distorted and repeat-
able measurements cannot be obtained. Simulations in Ansoft HFSSr of
the quarter-wavelength balun and folded balun will be presented in section
2.4. However, to describe the performance of a balun it is first important
to understand the concept of common mode rejection ratio. The following
section provides a brief summary of common mode rejection ratio in baluns
and the mixed-mode S-parameters.
2.3 Common Mode Rejection Ratio
The common mode rejection ratio (CMRR) is used to describe the perfor-
mance of balanced circuits; it is also known by common mode attenuation,
common mode filtering and other names [18]. In a balun, the CMRR is de-
fined as the ratio of wanted to unwanted transmitted power. As rejection of
common mode transmission is the primary purpose of a balun, it follows that
CMRR is the parameter to determine the performance of the balun [17]. To
understand the performance of the balun in suppressing the common mode
current, the balun can be modeled as a 1:1 transformer representing the
transition between the unbalanced coaxial transmission line and the twin
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lead line that feeds the balance antenna [17]. The common mode current Ic
is presented with an impedance Zc, as shown in Figure 2.7
Figure 2.7: Circuit diagram for a common mode choke [17]
The CMRR of a differential fed device, such as the balance port of a
balun, is defined as the ratio of the common and differential voltages at the
balanced feed.
CMRR =
|V1 + V2|
|V1 − V2| (2.1)
As the CMRR is defined as the ratio between the differential mode in-
sertion loss and the common mode signal loss, it is given in terms of S-
parameters by
CMRR =
Sd1
Sc1
(2.2)
where Sc1 and Sd1 are called mixed mode S-parameters between the coax-
ial cable port of the balun and the common and differential modes of the
port. The mixed mode S-parameters can be converted to the single-ended S-
parameters. A set of linear equations can be derived that describe the trans-
formation from singled-ended three-port parameters to mixed-mode two-
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port. Bockelman and Eisenstadt [19] provide the tools and the math to
derive the mixed mode S-parameters to singled-ended S-parameters and vice
versa. The following matrix shows the singled-ended S parameters, where
[A] is the stimulus and [B] is the response. On the right is a mixed mode
representation of the same matrix, where ports 2 and 3 have been combined
to form a differential mode port [18],[19].
 b1b2
b3
 =
S11 S12 S13S21 S22 S23
S31 S32 S33

 a1a2
a3
⇔
 b1bd
bc
 =
S11 S1d S1cSd1 Sdd Sdc
Sc1 Scd Scc

 a1ad
ac

S11 in the mixed mode is the same as in the single-ended formulation.
The remaining parameters are compound performance parameters. The two
most common mixed mode parameters are Sc1 and Sd1 with their respective
opposites. Parameter Sd1 is the transmission from port 1 to the mixed mode
port, evaluated as a differential port. Sc1 is the mixed mode transmission
parameter from port 1 to the mixed port, evaluated as a common mode port
[18],[19].
S1d =
1√
2
(S12 − S13) (2.3)
Sd1 =
1√
2
(S21 − S31) (2.4)
S1d =
1√
2
(S12 + S13) (2.5)
Sd1 =
1√
2
(S21 + S31) (2.6)
The return loss performance of the mixed port is evaluated by Sdd and
SccSdd gives the differential return loss, while Scc gives the common mode
return loss [18]. The last two parameters Scd and Sdc give the transmission
parameters from common to differential mode signals [18],[19].
Sdd =
1
2
(S22 − S23 − S32 + S33) (2.7)
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Sdc =
1
2
(S22 + S23 + S32 − S33) (2.8)
Scc =
1
2
(S22 + S23 + S32 + S33) (2.9)
Scd =
1
2
(S22 − S23 + S32 − S33) (2.10)
The CMRR is:
CMRR =
Sd1
Sc1
⇔
1√
2
(S12 − S13)
1√
2
(S12 + S13)
⇔ S12 − S13
S12 + S13
(2.11)
The CMRR is dependent on the amplitude and phase of the balun. The
relationship between amplitude balance, phase balance, and CMRR is shown
in Figure 2.8. A 0.1 dB improvement in amplitude balance will improve the
CMRR by the same amount as a 1 deg improvement in phase balance [18].
A good balun can achieve 25-55 dB of CMRR while a low performance balun
will have 15-20 dB of CMRR [17].
Figure 2.8: Contour plot of CMRR values in [dB] for phase and amplitude
[18]
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2.4 Performance of Sleeve Balun
In general, sleeve baluns are large compared to the antenna, but they do
perform very well. The baluns used in the measurements of this element are
effective chokes over a bandwidth of about 15 MHz for CMRR values greater
than 45 dB. A CMRR of about 45 dB or higher is desirable [20].
The quarter-wavelength balun of Figure 2.9(a) and the folded balun of
Figure 2.9(b) were simulated in Ansys HFSS 14.0. The quarter-wavelength
was designed to be operational at a frequency of 350 MHz, with a length l =
λ/4 = 214 mm. The common mode rejection ratio is shown as a function of
frequency in Figure 2.10(a). The peak of this graph represents the frequency
where the balun performs well, balancing the current on the output port.
The quarter-wavelength balun has a peak of 345 MHz, close to the designed
frequency. If the balun is simulated or measured at higher frequencies than
f0, it can perform well at fo, 3fo, 5fo. The CMRR of the folded balun, shown
in Figure 2.10(b), shows that the balun is operational at frequencies of 373
MHz and 740 MHz (l=0.165λ and l=0.31λ). The first two frequencies of
operation for this balun are approximately fo and 2fo, where fo is the lowest
frequency of operation.
(a) Sleeve Balun Diagram (b) Folded Bazooka Balun Diagram
Figure 2.9: Cross sections of the quarter-wavelength bazooka balun and
folded balun simulated in HFSS [12]
An antenna was attached to the quarter-wavelength balun to analyze the
radiation pattern of an antenna. Figure 2.11(a) shows the radiation pattern
at 350 MHz and 500 MHz. At the frequency of 350 MHz, the radiation pat-
tern is slightly shifted, and at 500 MHz, the radiation pattern is completely
distorted. It can be concluded from the simulation results that this type
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(a) Quarter-wavelength sleeve balun
(b) Folded balun
Figure 2.10: CMRR sleeve baluns
of balun distorts the radiation pattern near the frequency of operation. The
simulated operation frequency for this balun was 345 MHz. At this frequency,
the radiation pattern is accurate.
Slater and Bernhard [20] studied the current distribution on the balun
when an electrically small dipole antenna is attached. They found that only
at the balun design frequency was the cable current balanced. The result is a
uniform distribution on both arms of the dipole and very low common current
on the cable as shown in Figure 2.12(b). In contrast, if the device is driven at
any frequency other than the operational frequency of the balun, the current
on the dipole is unbalanced and the magnitude of the cable current is high,
as shown in Figure 2.12(a).
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Figure 2.11: Radiation pattern at 350 MHz and 500 MHz
(a) Unbalanced Current (b) Balanced Current
Figure 2.12: Unbalanced/balanced antenna current [20]
18
CHAPTER 3
BALUN DESIGN AND SIMULATIONS
Designing a wideband balun is a challenge. Different wideband baluns have
been published, such as the N-section half-wave balun [21] and the log-
periodic balun [22]. However, they are all designed for high frequencies,
in the low GHz range (approximately 3 GHz to 6 GHz). This made fabri-
cation easier as the balun size is inversely proportional to the operational
frequency. Another motivation to design in the low GHz range is that the
frequency band for ultra wideband communication systems is 3.1-10.6 GHz.
Therefore, UWB antennas have attracted great attention in recent years as
well as the way to feed them properly [23].
On the other hand, wide-band operation baluns for low frequencies (MHz)
have been rarely explored. Design and performance characteristics of a sleeve
balun structure are proposed in this chapter in order to achieve wide-band
operation in the low frequency range. The design is based on the log-periodic
antenna theory. Design guidelines and techniques to achieve wide-band are
presented in this chapter.
3.1 Development of a Log Periodic Bazooka Balun
Structure
The proposed design is based on the quarter-wave bazooka balun consisting
of resonators arranged in log-periodic manner where τ < 1 is the period of the
structure. The main objective of this design is to have high impedance and
therefore high common mode rejection ratios at various different frequencies.
To do so, there needs to be a short at the quarter-wavelength corresponding
to each of these frequencies. This can be accomplished by inserting resonant
series LC circuits. The circuits are placed between the outer shield of the
coaxial cable and the inner wall of the balun as shown in Figure 3.1.
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Figure 3.1: Log periodic wideband concept
The spacing of resonators in the balun is governed by:
τ =
dn+1
dn
=
λn+1
λn
=
fn
fn+1
(3.1)
where τ is the geometric ratio (< 1), d is the distance between resonators,
λ is the wavelength and f is the frequency of operation. By choosing the
specific τ value, the resonant frequencies can be calculated as
f0 = τf2 = τ
2f1 = τ
3f2 = τ
4f3 (3.2)
f0 < f1 < f2 < f3
which implies that
λ3 = τλ2 = τ
2λ1 = τ
3λ0 (3.3)
λ3 < λ2 < λ1 < λ0
and
d3 = τd2 = τ
2d1 = τ
3d0 (3.4)
d3 < d2 < d1 < d0
In order to place the resonators between the outer shield of the coaxial
cable and the inner wall of the balun, circular slotted disks need to be im-
plemented as shown in Figure 3.2. These are intended to create short circuit
terminations at the different design frequencies.
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Figure 3.2: Log periodic wideband concept
3.2 Equivalent Circuit Model
According to transmission line theory, the circuit model can be represented
as a cascade of sections of the transmission line with characteristic impedance
Z0 and length θn with shunt impedance Yn as shown in Figure 3.3. This shunt
impedance consists of LC circuits; however, losses in the inductors need to
be taken into account. These losses, represented as Rn, will be introduced in
the following sections.
The characteristic impedance Z0 can be determined as in a coaxial cable,
from the ratio of the inner and outer conductor diameter and the dielectric
constant εr. The outer diameter of the inner conductor is a = 3.5 mm, which
is the outer conductor of the coaxial cable. The inner diameter of the outer
conductor of the balun is b = 19.55 mm. This device can achieve high CMRR
if the characteristic impedance is high; therefore, the balun’s diameter was
chosen as high practically as possible. From the equation of coaxial cable
[24], the characteristic impedance Z0 of the balun can be determined as
Z0 =
138Ω√
εr
log10
b
a
(3.5)
Z0 = 103 Ω
where εr = 1
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Figure 3.3: Equivalent circuit
The transmission line impedance equation for an arbitrary load is given by
Zin = Z0
ZL + jZ0 tan βl
Z0 + jZL tan βl
(3.6)
If the line is a quarter-wavelength long, the input impedance is given by
Zin =
Z20
ZL
(3.7)
Since the LC circuits are placed to create short-circuit terminations at
different design frequencies, we can approximate ZL = 0 at each of the
design frequencies. Therefore,
Zin ≈ ∞
3.2.1 High Frequency Characteristics of Passive Components
The ideal equivalent circuit model was shown in Figure 3.3; however in high
frequency ranges an equivalent circuit model may be more complex than
the low-frequency circuit model. Passive components such as resistors, ca-
pacitors, and inductors incur dielectric and/or ohmic loss [25]. This effect
needs to be accounted for in the analysis and design of practical circuits. For
this design, effects due to the capacitor will be neglected, but effects in the
inductor will be considered.
An accurate equivalent circuit for an inductor includes a series resistance
to model the ohmic losses and a shunt capacitance to account for the capaci-
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tance between the turns of the coil (See Figure 3.4). Two parameters will be
considered due to this distributed equivalent circuit: self-resonant frequency
(SRF) and the Q factor.
Figure 3.4: Equivalent circuit for an inductor [25]
The SFR parameter is the inductor self-resonant frequency (SRF). It is
an important parameter to take into account for RF/microwave applications.
Any type of inductor will exhibit some capacitance. Therefore, the inductor
will serve as a parallel resonant circuit with a self-resonant frequency. For
inductors used in choke applications, the best signal suppression occurs at
the SRF where the impedance is at maximum. Below an inductor’s SRF,
impedance decreases with decreasing frequency [26] as shown in Figure 3.5.
Therefore, it is important to make sure that an inductor has a very large
impedance near the parallel resonant frequency.
Figure 3.5: An inductance and impedance rise sharply at 2000 MHz [26]
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The quality, or Q, factor is a dimensionless parameter that characterizes
a circuit’s bandwidth relative to its center frequency, with high Q values
associated with narrow bandwidth [25],[26]. The Q factor of an inductor can
be calculated as a ratio of the inductor’s imaginary impedance, Im[Z], to its
real impedance, Re[Z]
Q =
|Xs|
Rs
(3.8)
where the impedance of the inductor is Z = Rs + jXs.
3.2.2 Frequency Response: Resonance, Bandwidth, Q Factor
Each resonant circuit can be analyzed as an individual series RLC circuit
[24] as shown in Figure 3.6.
Figure 3.6: Series RLC circuit [25]
The voltage transfer function is
H(s) =
R
R + sL+ 1
sC
(3.9)
If sinusoidal excitation is considered under steady-state conditions, the
frequency response H(jω) is
H(jω) =
R
R + jωL(1− 1
ω2LC
)
(3.10)
When ω = 1√
LC
, the phase shift of the transfer function is zero; this
is called the resonant frequency, ωo, of the network and is the frequency at
which the inductive and capacitive reactances are exactly equal in magnitude
and, consequently, cancel each other:
ωo =
1√
LC
⇒ fo = 1
2pi
√
LC
(3.11)
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At resonance
ωoL =
1
ωoC
(3.12)
Also, the quality factor Qs for the series RLC circuit is defined as the relation-
ship between the inductance for the resonant frequency and the resistance.
Qs =
ωoL
R
=
1
ωoCR
=
1
R
√
L
C
(3.13)
The parameter Qs is referred to as the series resonant circuit Q. The
inverse of this quantity tells what fraction of the total energy stored in the
RLC circuit is dissipated in one complete cycle of the resonant frequency.
The frequency response function can be rewritten in terms of ωo and Qs:
H(jω) =
1
1 + jQs(
ω
ωo
− ωo
ω
)
(3.14)
The magnitude of the voltage transfer function as a function of normalized
frequency is shown in Figure 3.7. The circuit behaves as a band-pass filter
allowing signal components close to the resonance frequency, while rejecting
(partially) the higher and lower frequency components.
Figure 3.7: Magnitude of the voltage transfer function [26]
The bandwidth of a series RLC filter is inversely proportional to the Qs
of the circuit.
BW = ∆ω = (ωH − ωL) (3.15)
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BW =
ωo
Qs
(3.16)
where the cut off frequencies are:
ωH = ωo −BW/2 (3.17)
ωL = ωo +BW/2 (3.18)
3.2.3 ABCD Parameters
The equivalent circuit of the wideband balun is a cascade of transmission line
sections with shunt impedance sections (see Figure 3.8). The best way to
analyze this network is to use an ABCD matrix, a set of network parameters
particularly suited for cascading two-port networks. The usefulness of the
ABCD matrix is that cascaded two-port networks can be characterized by
simply multiplying their ABCD matrices [24]. The elements of the ABCD
matrix may be converted to the elements of the Z matrix, Y matrix, and S
matrix and vice versa by using mathematical formulations. The following
ABCD matrix represents the equivalent circuit model for two resonators and
three sections of transmission line. This result can be extended for the case
of any number of networks in cascade:
[
Ax Bx
Cx Dx
]
=
[
A0 B0
C0 D0
][
A1 B1
C1 D1
][
A2 B2
C2 D2
][
A3 B3
C3 D3
][
A4 B4
C4 D4
]
(3.19)
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Figure 3.8: Equivalent circuit for analysis and simulations
where[
A0 B0
C0 D0
]
=
[
cos(βl0) jZ0 sin(βl0)
jY0 sin(βl0) cos(βl0)
]
[
A1 B1
C1 D1
]
=
[
0 1
Y1 0
]
=
[
0 1
ωC1
jω2L1C1+ωR1C1−j 0
]
[
A2 B2
C2 D2
]
=
[
cos(βl1) jZ0 sin(βl1)
jY0 sin(βl1) cos(βl1)
]
[
A3 B3
C3 D3
]
=
[
0 1
Y2 0
]
=
[
0 1
ωC2
jω2L2C2+ωR2C2−j 0
]
[
A4 B4
C4 D4
]
=
[
cos(βl2) jZ0 sin(βl2)
jY0 sin(βl2) cos(βl2)
]
One parameter that is important is the input impedance of the network.
Since the main objective is to achieve high input impedance, Zin is a good
parameter to determine the impedance level for the overall circuit. It can be
derived from the ABCD parameters as:
Zin =
V1
I1
=
AxZL +Bx
CxZL +Dx
(3.20)
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3.3 Two-Resonator Design
3.3.1 Choosing the Period and Resonant Frequencies
The frequency range in which the balun satisfies the design requirements will
be referred to as the bandwidth of the balun. The first step is to choose an
appropriate value of τ in order to determine the resonant frequencies, and
therefore the bandwidth. When the value of τ is high, the gaps between
resonant frequencies are smaller, but bandwidth becomes narrow. In the
design, we started with a balun of length 214 mm, designed at a frequency
of 350 MHz. This will be the lowest frequency of operation of the balun.
Each subsequent frequency can be determined using Equation 3.1; however,
we want the highest frequency to have a value of 750 MHz.
f1 = 350 MHz ; f3 = 750 MHz
f1 = τ
2f3
τ =
(
350
750
) 1
2
τ = 0.683
f2 =
f1
τ
= 512 MHz
f1 = 350 MHz; f2 = 512 MHz ; f3 = 750 MHz
Wavelength can be calculated using
λ =
c
f
f1 = 350 MHz ⇒ λ1 = 0.857 m
f2 = 512 MHz ⇒ λ2 = 0.585 m
f3 = 750 MHz ⇒ λ3 = 0.4 m
where f1 corresponds to the short in the balun.
Circuit placement is determined by the resonant quarter wavelength at
each frequency. Therefore,
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f1 = 350 MHz ⇒ λ1/4 = 214 mm ⇒ Short
f2 = 512 MHz ⇒ λ2/4 = 147 mm ⇒ 2nd resonator
f3 = 750 MHz ⇒ λ3/4 = 100 mm ⇒ 1st resonator
Figure 3.9 shows the LC circuit placement.
Figure 3.9: Diagram design with two resonators
3.3.2 LC Values and the Q Effect
The inductors are the key circuit element in this design. This component
will determine the Q factor of each resonator and therefore the losses in the
system. As mentioned previously, high Q values are associated with narrow
bandwidth. To study the effect of the quality factor of each resonator, dif-
ferent designs were simulated. It is known that the quality factor is inversely
proportional to the bandwidth of the circuit; however, since we are designing
two resonators at different frequencies, it was decided to keep the bandwidth
of each resonator the same. This will lead to a different Q value for each
resonator. It is desirable to have a flat response (CMRR) with values greater
than 30 dB over the designed frequency range (350-750 MHz).
Six designs were simulated using ADSr and HFSSr in order to analyze
their performance. The simulated structure is presented in Figure 3.10. It
is important to note how the elements were arranged. The total impedance
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was divided in four sections parallel to each other. This was done due to the
circular shape of the balun. A uniform impedance was desired over the area.
Each rectangle represents the RLC elements.
Figure 3.10: Simulated balun using HFSS
The following steps provides a summary of the design:
1. A bandwidth for each resonator was determined.
2. The value of the Q factor was calculated.
3. A practical inductor was found with the desired Q value.
4. Resistance was determined (also provide in inductor’s data sheet).
5. Capacitance was calculated.
Tables 3.1, 3.2, 3.3, 3.4, 3.5 and 3.6 provide all the parameters for the
different designs. It was chosen to keep the bandwidth constant at values
of 5 MHz, 10 MHz, 30 MHz, 50 MHz, 100 MHz and greater than 150 MHz.
This bandwidth is the bandwidth of each resonator and not the operational
bandwidth of the balun.
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Table 3.1: Bandwidth = 5 MHz
fo [MHz] L [nH] C [pF] R [Ω] Q factor
512 30.97 3.14 1.21 102.5
750 29.15 1.54 0.91 150
Table 3.2: Bandwidth = 10 MHz
fo [MHz] L [nH] C [pF] R [Ω] Q factor
512 57.26 1.68 3.75 51.2
750 68.17 0.660 4 75
Table 3.3: Bandwidth = 30 MHz
fo [MHz] L [nH] C [pF] R [Ω] Q factor
512 7.42 13.02 0.94 17.06
750 9.12 4.93 1.41 25
Table 3.4: Bandwidth = 50 MHz
fo [MHz] L [nH] C [pF] R [Ω] Q factor
512 30 3.22 9.42 10.24
750 30 1.5 9.42 15
Table 3.5: Bandwidth = 100 MHz
fo [MHz] L [nH] C [pF] R [Ω] Q factor
512 42.9 2.25 53.45 5.12
750 34.6 1.3 93.8 7.5
Table 3.6: Bandwidth > 150 MHz
fo [MHz] L [nH] C [pF] R [Ω] Q BW[MHz]
512 15.86 6.09 17.0 3 170.6
750 15.86 2.83 25.0 3 250
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3.3.3 Simulation Results
HFSSr gives the common mixed-mode S parameters directly using a differ-
ential pair at Port 2. Therefore, the CMRR can be calculated using Equation
2.2. Figure 3.11 shows the results obtained.
(a) CMRR BW=5 MHz (b) CMRR BW=10 MHz
(c) CMRR BW=30 MHz (d) CMRR BW=50MHz
(e) CMRR BW=100 MHz (f) CMRR BW> 150MHz
Figure 3.11: Simulated CMRR two-resonator design
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Simulation results in Figure 3.11 show that it is evident that the param-
eter Q (and therefore the bandwidth) of each resonator affects the response
over the range of frequencies. In Figure 3.11(a), 3.11(b) and 3.11(c) where
bandwidth is narrow, the peaks are very distinctive in three different fre-
quencies with CMRR values above 50 dB. However, frequencies in between
have lower values, below 40 dB. In addition, the peaks of the frequencies are
not the frequencies for which the resonators were designed. The response is
shifted to lower frequencies. This effect can be observed in all the plots.
In the plots of Figure 3.11(d), 3.11(e) and 3.11(f), the response is smoother
over the range of frequencies. This is true especially in plots 3.11(e) and
3.11(f) where the bandwidth of each resonator is greater. These effects are
consistent with the theory. As the bandwidth increases, Q decreases and
the losses in the system also increase. As a result, the response is flat but
CMRR values are lower. The first peak (lower frequency) is due to the short
in the structure and not to the resonators. This peak is more difficult to
manipulate than the other two frequencies. The responses of 3.11(a), 3.11(c)
and 3.11(e) are plotted in Figure 3.12 in order to show in detail the effects
described.
Figure 3.12: Comparison of three different designs with different
bandwidths
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3.4 Four-Resonator Design
After the analysis of the design of the two resonators, it was decided to intro-
duce two more resonators. The purpose of this new design is to investigate
the CMRR increases at values below 30 dB. The range of frequencies is the
same as before. Using the same procedure as the previous design, we have
frequencies:
f1 = 350 MHz ; f5 = 750 MHz
f1 = τ
4f5
τ =
(
350
750
) 1
4
τ = 0.0.826
f2 =
f1
τ
= 423 MHz
f3 =
f2
τ
= 512 MHz
f4 =
f3
τ
= 620 MHz
f1 = 350 MHz; f2 = 423 MHz ; f3 = 512 MHz;
f4 = 620 MHz; f5 = 750 MHz
and wavelengths:
f1 = 350 MHz ⇒ λ1 = 0.857 m
f2 = 423 MHz ⇒ λ2 = 0.7083 m
f3 = 512 MHz ⇒ λ3 = 0.5854 m
f4 = 620 MHz ⇒ λ4 = 0.4838 m
f5 = 750 MHz ⇒ λ5 = 0.4 m
where f1 corresponds to the short in the balun.
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Circuit placement is determined by the resonant quarter-wavelength at
each frequency. Therefore,
f1 = 350 MHz ⇒ λ1/4 = 214 mm ⇒ Short
f2 = 423 MHz ⇒ λ1/4 = 177 mm ⇒ 4th resonator
f3 = 512 MHz ⇒ λ3/4 = 147 mm ⇒ 3rd resonator
f4 = 620 MHz ⇒ λ4/4 = 120.9 mm ⇒ 2nd resonator
f5 = 750 MHz ⇒ λ5/4 = 100 mm ⇒ 1st resonator
Figure 3.13 shows the LC circuit placement.
Figure 3.13: Diagram design with four resonators
3.4.1 Choosing LC Values
The same analysis as that for the two-resonator design was performed. The
bandwidth was kept constant while the Q value was determined using the
operational frequency f0. The simulated balun is presented in the Figure
3.14. Table 3.7, 3.8, 3.9, 3.10, 3.11 and 3.12 provide all the parameters for
the different designs. The circuit elements for the frequencies f0=512 MHz
and f0 = 750 MHz were the same as for the previous design. New components
were added for f0 = 423 MHz and f0 = 620 MHz.
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Figure 3.14: Simulated balun using HFSS four LC circuits
Table 3.7: Bandwidth = 5 MHz
fo [MHz] L [nH] C [pF] R [Ω] Q factor
423 37.10 3.8 1.16 85
512 30.97 3.14 1.21 103
620 13.25 5.0 0.41 124
750 29.15 1.54 0.91 150
Table 3.8: Bandwidth = 10 MHz
fo [MHz] L [nH] C [pF] R [Ω] Q factor
423 57.01 2.48 3.58 42
512 57.26 1.68 3.75 51.2
620 70.0 0.94 4.4 62
750 68.17 0.660 4 75
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Table 3.9: Bandwidth = 30 MHz
fo [MHz] L [nH] C [pF] R [Ω] Q factor
423 33.34 4.24 6.28 14
512 7.42 13.02 0.94 17.06
620 10.30 6.24 1.94 20.6
750 9.12 4.93 1.41 25
Table 3.10: Bandwidth = 50 MHz
fo [MHz] L [nH] C [pF] R [Ω] Q factor
423 28.82 4.9 9.05 8.46
512 30 3.22 9.42 10.24
620 51.74 1.27 16.25 12.4
750 30 1.5 9.42 15
Table 3.11: Bandwidth = 100 MHz
fo [MHz] L [nH] C [pF] R [Ω] Q factor
423 70.78 2 44.47 4.23
512 42.9 2.25 53.45 5.12
620 32.95 2 20.70 6.20
750 34.6 1.3 93.8 7.5
Table 3.12: Bandwidth > 150 MHz
fo [MHz] L [nH] C [pF] R [Ω] Q BW[MHz]
423 26.83 5.27 23.67 3 141
512 15.86 6.09 17.0 3 170.6
620 24.43 2.70 45 2 310
750 15.86 2.83 25.0 3 250
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3.4.2 Simulation Results
The common mode rejection ratio was calculated using Equation 2.2. Figure
3.15 shows the simulated results.
(a) CMRR BW = 5MHz (b) CMRR BW = 10MHz
(c) CMRR BW = 30MHz (d) CMRR BW = 50MHz
(e) CMRR BW = 100MHz (f) CMRR BW > 150MHz
Figure 3.15: Simulated CMRR four-resonator design
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Figure 3.16: Simulated results comparison
A plot is shown in Figure 3.16 to compare the simulated results for wide
and narrow bandwidth. The addition of two more LC circuits resulted in
two more peaks for designs with high Q values. In contrast, for low Q values
the response is flat and very similar to the two-resonator design. Figure 3.17
is a direct comparison of both designs. The average CMRR is indeed higher
for four resonators. Despite the fact that that narrow bandwidth has very
high CMRR, the response is not smooth. The wider bandwidth design has
a smoother response. The CMMR is lower, but a well performing balun is
considered to have a CMRR above 30 dB [18].
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(a) Comparison BW = 5MHz (b) Comparison BW = 10MHz
(c) Comparison BW = 30MHz (d) Comparison BW = 50MHz
(e) Comparison BW = 100MHz (f) Comparison BW > 150MHz
Figure 3.17: CMRR comparison two and four LC circuits
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CHAPTER 4
BALUN CONSTRUCTION AND
MEASUREMENTS
Three baluns were built and measured in order to validate and compare
with simulations. The first balun was a quarter-wavelength operating at
350 MHz. A second and a third balun were designed with two and four
resonators, respectively. Due to the component inventory in the laboratory,
it was decided to choose inductors with Q values around 50 and 60 with a
bandwidth approximately equal to 10 MHz. Another reason to choose high
Q values and narrow bandwidth was that imperfections in the fabrication
process introduce losses in the system. The main goal was to achieve a flat
response with CMRR greater than 30 dB. In this chapter, the differential
probe method, which is the technique that was used here to measure the
CMRR of the balun, will be explained. Subsequently, balun construction
and results will be presented.
4.1 The Differential Probe Method
To measure the CMRR of the balun chokes, the differential probe method [3]
is employed. Because the CMRR is the ratio of the common and differential
voltage gains as explain in Chapter 2, by definition it is given in terms of
S-parameters as
CMRR =
|Sd1|
|Sc1| (4.1)
The mixed S-parameters are given in terms of the single-ended S parameters
Sc1 =
1√
2
(S21 + S31) (4.2)
Sd1 =
1√
2
(S21 − S31) (4.3)
To measure these S-parameters, the balun is connected to a differential
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probe jig with both probes connected to the center pins of two short sections
of coaxial cable as shown in Figure 4.1. The jig is shown attached to a
bazooka balun in Figure 4.2.
Figure 4.1: Balanced port measurement jig consisting of two probes fed to
the center pins of two cables with a common ground
Figure 4.2: Balanced port measurement jig attached to a folded bazooka
balun
Calculation of the CMRR requires two measurements. First, the network
analyzer is calibrated to the ends of the test cable, and then an electrical delay
is added to de-embed the measurement to the probe tips of the measurement
jig [26]. Once de-embedded, S21 and S31 of the balun-jig system are measured
individually, with the other port terminated in a 50 Ω load. Once S21 and S31
are known, the CMRR can be calculated by equations (4.1) through (4.3).
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4.2 Quarter-Wavelength Balun
Figure 4.3 shows the bazooka balun design with l = λ/4 = 214 mm, operating
at 350 MHz. The construction was straightforward since LC circuits within
the balun were not necessary.
Figure 4.3: Bazooka balun at 350 MHz
Figure 4.4 shows the simulated and measured CMRR in a dB scale. The
measures required to calculate the CMRR are shown in Figure 4.5. The S-
parameters S21 and S31 were converted to mixed-mode S-parameters Sd1 and
Sc1 in order to determine the CMRR.
Figure 4.4: Bazooka balun measured and simulated data
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Figure 4.5: Bazooka balun measured S21 and S31
Simulation and testing of the quarter-wavelength bazooka balun confirm
that it is indeed operational to the corresponding λ/4 frequency. The simu-
lated and measured results agreed in terms of bandwidth and common mode
rejection values; however it can be seen from Figure 4.4 that the measured
frequency is downshifted to 325 MHz while the simulated is only downshifted
to 345 MHz. This frequency shift might be due to an electrical delay between
the balun and the jig probe.
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4.3 Two-Resonator Design
A structure was needed for the two- and four-resonator designs to mount
the LC circuits within the balun. Circular disks were made in a single-sided
PCB board with dielectric constant εr = 2.20 and thickness 0.062 in (1.57
mm). Rectangular copper shapes in the circle were designed to mount the
LC components as shown in Figure 4.6(a) and Figure 4.6(b). To ensure an
electrical contact of the LC circuit with the inner wall, circuits were mounted
in a foam structure with copper tape strip on the side of each LC as shown in
Figure 4.6(c) and Figure 4.6(d). The disks were placed in the coaxial cable at
λ/4 according to their respective frequencies as shown in Figure 4.7. Finally,
the coax cable with the circuit was inserted in the copper pipe.
(a) Disks to mount the LC components (b) Disk with LC components
(c) Cooper tape to ensure electrical con-
tact
(d) Resonator Disk mounted in foam
Figure 4.6: LC circuits
Table 4.1 presents the LC circuit parameters in the design. The inductors’
nominal values where chosen to be 64 nH and 30 nH with an inductance of
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Figure 4.7: Two resonators spaced at λ/4
58.92 nH and 31.16 nH at their respective 512 MHz and 750 MHz frequencies.
Capacitor values were calculated based on the inductance at the specified fre-
quency and not at the nominal value. The resistance and bandwidth were
calculated given the Q factor of the inductor in the data sheet. The resis-
tance was not included in the physical model. It was used to account for
losses introduced by the inductor. This resistance was used for simulation
and analysis purposes.
Table 4.1: Two-Resonator Design
fo
[MHz]
L [nH] L at fo C [pF] R [Ω] Q BW
512 64 58.92 1.3 3.16 60 8.53
750 30 31.16 1.5 2.24 66 11.36
The CMRR was determined given the measured S21 and S31. The CMRR
response is shown in Figure 4.8(a). The measured S21 and S31 have different
shapes and different S values as shown in Figure 4.8(b). The different shapes
were not expected, in theory S21 and S31 have the same magnitude. This
might be due to the performance of the probe jig. The S21 curve has three
distinct peaks, whereas the S31 has one distinct peak close to 300 MHz. Since
the CMRR is a vector algebraic operation, the result is a curve with a peak
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at 280 MHz and smooth over the 350 to 850 range. Despite the fact that the
magnitude of S21 is not equal to S31, the performance of this balun is better
than expected. The CMRR values are above 40 dB with a smooth response
over a larger frequency range.
(a) CMRR two resonators
(b) Measured S21 and S31
Figure 4.8: Results for the two-resonator design
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4.4 Four-Resonator Design
The four LC circuits placed around the coaxial cable are presented Figure
4.9. This structure was placed in a copper pipe to complete the balun. The
components of each LC circuit are recorded in Table 4.2. Each circuit has
four inductors and four capacitors, so this design has 32 components in total,
making the construction challenging and time-consuming.
Figure 4.9: Four resonators spaced at λ/4
Table 4.2: Four-Resonator Design
fo
[MHz]
L [nH] L at fo C [pF] R [Ω] Q BW
423 68 70.13 2 3.51 53 7.98
512 56 55.52 1.8 2.86 63 8.12
620 33 33.76 2 2.10 62 10
750 30 31.16 1.5 2.24 66 11.36
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The balun was measured, and the S21 and S31 are shown in Figure 4.11.
Again, the parameters do not have the same magnitude. The CMRR given
both measurements is presented in Figure 4.10. The response is smooth over
a frequency range of 100 to 1000 MHz.
Figure 4.10: CMRR four resonators
Figure 4.11: Measured four resonators
49
CHAPTER 5
CONCLUSIONS AND FUTURE WORK
5.1 Summary and Conclusions
The performance of the sleeve balun with series resonant LC circuit placed in
a log-periodic manner has been studied. Different designs were investigated,
taking into account the circuit placement and the quality factor Q. All sim-
ulations were consistent with theory. Simulation results demonstrated that
the inductor quality factor Q affects the common mode rejection values. As
expected, circuits with high Q values present high common mode rejection
ratio with distinctive peaks close to the designed resonant frequency. Al-
though high common mode rejection ratio was achieved, the response was
not smooth over the frequency range. In contrast, resonant circuits with low
Q factor, and therefore wide bandwidth, present a smoother response, but
lower common mode rejection ratio.
In addition to simulations, three baluns were built and measured. The
first balun was a quarter-wavelength design operating at one frequency. Sim-
ulated and measured results were consistent. The second balun consisted of
two LC resonators at fo = 520 MHz and fo = 750 MHz. The third design
had four LC circuits at fo = 423 MHz, fo = 520 MHz, fo = 620 MHz and
fo = 750 MHz. Each resonant circuit was designed to have a 10 MHz band-
width. Both baluns achieved a CMRR above 30 dB. A comparison of the
CMRRs is shown in Figure 5.1. The balun with four LC circuits provides
a smoother response with high CMRR values. The average CMRR for this
design is 46.9 dB, while the average CMRR for the two-resonator design is
39.07 dB, over a frequency range between 100 MHz and 1000 MHz. Both
designs are considered to have a good performance.
This response was not expected. Simulated designs with 10 MHz of band-
width were less flat and with lower CMRR as shown in Figure 5.2. Despite the
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fact that S31 was not as good as S21, good CMRR values were achieved. Both
designs have better than the simulated results and better performance than
the single quarter-wavelength bazooka balun. The single quarter-wavelength
bazooka balun can achieve good performance only at one frequency with
values over 60 dB, but with a narrow bandwidth.
Figure 5.1: Comparison between the two designs
Figure 5.2: Simulations BW = 10 MHz for two- and four-resonator design
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5.2 Future Work
In order to verify that the sleeve balun with series LC circuits has good
performance, more research and work need to be done. The following points
present some recommendations for future work.
• Build and replace the jig probe in order to repeat measurements: In
theory, at the two differential terminals, the magnitudes of the signal
are equal and opposite (180 ◦ phase shift). In our measurements S21
and S31 were not equal. This was due to the performance of the jig
probe. A new probe needs to be built for a better system performance.
Repeated measurements are needed to conclude that this balun indeed
performs well.
• Antenna performance: A way to determine how well the balun can
choke current over a range of frequencies is to attach an electrically
small dipole antenna. Measurements and simulations of radiation pat-
terns at different frequencies need to be explored.
• Investigate how the total impedance of the LC resonators affects the
wide-band frequency range. In the designs of this work, the range in
which the balun was supposed to perform well was between 350 MHz
and 750 MHz; however, results show that the balun can perform well
over a wider range. This effect might be due to the total LC impedance
in the balun.
• Investigate a different range of frequencies with a different log periodic-
period.
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